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Transcripts of a newly discovered gene called snail2, encoding a zinc ®nger protein of the Snail family, ®rst appear in rows
of cephalic mesendodermal cells in gastrulating zebra®sh embryos. At the end of gastrulation, snail2 RNA accumulates
in a domain of ectodermal cells that mark the border between the epidermal epithelium and the neural plate and includes
precursors of the neural crest. During somitogenesis, snail2 expression becomes restricted to neural crest. snail2 is thus
one of the earliest genes yet known to be speci®cally expressed in neural crest in zebra®sh embryos. Since snail2 is
expressed in mesendoderm, a tissue layer whose convergence in the trunk is known to be altered in embryos homozygous
for the spadetail mutation, we examined snail2 expression in spadetail embryos. In these mutants, the number of cephalic
mesendodermal cells expressing snail2 is strongly reduced and the distribution of cells containing snail2 and no tail
transcripts in the axial mesoderm is much broader than normal. Moreover, the embryos are shorter than normal at the
end of gastrulation. This shows that, in addition to the failure of paraxial mesoderm to converge normally in the trunk during
gastrulation, spadetail also affects the elongation of the embryo and the convergence of axial and lateral mesendoderm in
both trunk and head. q 1995 Academic Press, Inc.
INTRODUCTION netic basis for these movements. The zebra®sh, Danio rerio,
is a useful model for investigating the genetic mechanisms
Four major types of cell movements shape the body form of vertebrate development because of the relative ease of
of vertebrate embryos. In the late blastula and early gastrula, identifying embryonic lethal mutations (Kimmel, 1989;
radial intercalation spreads cells over the embryo's surface Grunwald and Streisinger, 1992; Solnica-Krezel et al., 1994;
(Keller and Jansa, 1992); during gastrulation, involution es- Mullins et al., 1994) and of mapping mutations and cloned
tablishes germ layers and then convergence and extension genes (Postlethwait et al., 1994; Johnson et al., 1995). A
thicken and lengthen the body axis (Trinkaus et al., 1992); particularly useful mutation for analyzing the mechanisms
and ®nally, during neurulation, cell dispersal distributes of cell movements in early embryos is the spadetail (sptb104)
neural crest cells, molding the animal's branchial arches, mutation, for which the wild-type allele is needed to facili-
jaws, peripheral nervous system, and pigment patterns tate proper convergence of trunk paraxial mesoderm (Kim-
(Marusich and Weston, 1991; Eisen and Weston, 1993). mel et al., 1989).
A substantial amount of work in several types of verte- In addition to mutations, molecular probes are needed to
brate embryos has helped to elucidate the cellular mecha- study gene interactions involved in the cell movements that
nisms of these morphogenetic events (Keller and Danilchik generate embryo morphology. A likely source of such probes
1988; Keller et al., 1989, 1992a; Warga and Kimmel, 1990; is provided by genes with sequence similarities to genes
Shih and Keller, 1992a,b; Trinkaus et al., 1992; Bolker, involved in similar developmental processes of other organ-
1993). However, there has been less exploration of the ge- isms. On the basis of such similarity to a gene in Drosophila
(Alberga et al., 1991) we initially isolated snail1, which
provides a sensitive marker for the convergence of paraxialSequence data from this article have been deposited with the
EMBL/GenBank Data Libraries under Accession No. U24225. mesoderm in the zebra®sh trunk (Thisse et al., 1993). The
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expression of snail1 allowed us to detect the spadetail phe- stringent washes were done with 0.051 SSC instead of
0.21 SSC.notype before it is visible morphologically (Thisse et al.,
1993). We then looked for other genes that belong to the
snail gene family, predicting that they might be expressed
in other parts of the mesendoderm.
We report here the cloning and structural analysis of a RESULTS
second zebra®sh snail family gene, called snail2, which en-
codes a zinc ®nger protein closely related to Snail1. Snail2
RNA distribution was also studied by in situ hybridization Isolation and Sequence Analysis of snail2 cDNA
and revealed that as soon as gastrulation occurs, transcripts
accumulate in converging cephalic mesendoderm; subse- A cDNA library prepared from 12- to 40-hr-old embryos
was screened at low stringency to identify genes sharingquently, snail2 transcripts become apparent in converging
and migrating neural crest. Extensive analysis of the expres- sequence similarities with snail1. The ®rst isolated cDNA,
snail2, was highly related to snail1 and predicted a proteinsion pattern suggested that snail2 may regulate some as-
pects of cell movement. of 256 amino acids (Fig. 1). The snail2 gene has been local-
ized on the zebra®sh genetic map (Postlethwait et al., 1994)Analysis of snail2 expression in spadetail mutant em-
bryos showed that the number of cephalic mesendodermal to linkage group XXVII, within about a centimorgan of
marker 6AC.800 (M. Gates and J. Postlethwait, unpublishedcells accumulating snail2 transcripts during the process of
convergence was dramatically reduced. Use of both snail2 observations).
Amino acid sequence comparisons of Snail2 with otherand no tail (Schulte-Merker et al., 1992, 1994a) probes re-
vealed that the axial mesoderm in the head and trunk were vertebrate Snail family proteins revealed several character-
istic features of the family (Fig. 2). First, these proteins sharebroader than normal in gastrulating spadetail embryos, sug-
gesting an abnormality in convergence. In addition, spade- the classical nucleic acid binding motif CxxC (121) HxxxH
in the ®rst four ®ngers (El Baradi and Pieler, 1991). Second,tail embryos were shorter than normal during gastrulation.
These results show that spadetail function at gastrulation they contain the variant motif CxxC (12x) HxxxxC in the
C-terminal zinc ®nger. A search of the SwissProt data baseis not only required for convergence of trunk paraxial meso-
derm (Kimmel et al., 1989), but also for normal convergence detected this variant only in members of the Snail family.
Third, vertebrate Snail family proteins contained the se-of both head and trunk mesendoderm and the elongation of
the early embryo. quence MPRSFLVK (or R) K at the amino terminus. Finally,
in Snail family proteins, translation abruptly terminated
within three to eight codons of the variant zinc ®nger.
The initial screen with the snail1 cDNA probe allowedMATERIALS AND METHODS us to isolate two other snail family members called poin-
tilleÂ1 and pointilleÂ2. PointilleÂ1, PointilleÂ2, and Snail2 had
Cloning and Sequencing of snail2 cDNA ®ve zinc ®ngers rather than four as in Snail1. Snail2 shows
74.1% identity with Snail1 but PointilleÂ1 and PointilleÂ2To identify genes related to zebra®sh snail1, a cDNA
were more divergentÐthey shared only 47.5 and 49% iden-library prepared from zebra®sh embryos 18 to 40 hr postfer-
tity with Snail1, respectively. Because PointilleÂ1 and Poin-tilization at 28.57C (FjoÈse et al., 1994) was screened at low
tilleÂ2 displayed 53% identity with the Snail2 protein andstringency following procedures described in Wolf et al.
had ®ve zinc ®ngers, they were more related to Snail2 than(1991). An AccI/HindIII fragment containing the zinc ®nger
to Snail1. These two pointilleÂ genes were expressed in spe-region of snail1 (Thisse et al., 1993) served as probe. After
ci®c subsets of neurons (work in progress).making deletions according to Lin et al. (1985), sequencing
Further amino acid sequence comparisons showed thatwas performed from single-strand templates by the dideoxy-
Snail2 is more closely related to frog Xsna (Sargent andtermination method using Sequenase (USB Inc.), following
Bennett, 1990) and chicken Slug (Nieto et al., 1994) than tothe manufacturer's directions.
the mouse Sna protein (Nieto et al., 1992; Smith et al.,
1992). Snail2 and Xsna share 66% amino acid identity,
while Snail2 is 61% identical to the chicken Slug and onlyLocalization of snail2 Transcripts in Whole-Mount
51.4% identical to the mouse Sna protein. Alignment of theEmbryos
known vertebrate snail family genes (Fig. 2) showed that
®ve zinc ®ngers are found in Snail2, Xsna, and Slug proteinsTo avoid cross-hybridization with snail1, an RNA 5* to
the zinc ®nger region of snail2 was used as probe for but, in contrast, Snail1 from zebra®sh and Sna from mouse
have only four zinc ®ngers (Fig. 2). Amino acid sequencein situ hybridization experiments. The distribution of tran-
scripts was determined as described in Thisse et al. (1994), and ®nger number comparisons suggest that there are two
subgroups of Snail proteinsÐSnail2, Xsna, Slug, PointilleÂ1,with the following modi®cations: First, the digoxigenin
RNA probe was not subjected to alkaline hydrolysis after and PointilleÂ2 in one subgroup and Snail1 and Sna in the
other. The zebra®sh is the only vertebrate so far shown tosynthesis; second, the prehybridization and hybridization
were conducted at 707C with 65% formamide; and third, have a member of both subgroups.
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after these cells have involuted (Fig. 3A). By 70% epiboly
(Fig. 3B), staining appeared reticular, occurring in irregular
clumps and rows of cells localized in the anterior mesendo-
derm. While cells expressing snail2 in cephalic paraxial
mesoderm (corresponding to mesodermal cells on both sides
of the prechordal plate) were loosely packed, resulting in a
reticular appearance, cells expressing snail2 in the dorsal
axis were closer together and occupied a nearly continuous
stripe of cells. By 80% epiboly (Figs. 3C and 3D), the staining
domain in the anterior dorsal axis had become wider and
longer. This axial expression domain extended caudally
with gradually decreasing intensity past the posterior border
of the reticular paraxial staining, through the axial meso-
derm of the trunk, and rostrally to the involuting margin
(Fig. 3D). The anterior-most axial mesendoderm, which cor-
responds to the presumptive hatching gland and expresses
hatching gland gene 1 (Thisse et al., 1994), did not contain
any snail2 transcripts (Figs. 3B and 3C). During midgastrula-
tion, snail2 transcripts remained con®ned to the mesendo-
derm and the axis, where labeling reached the margin (Fig.
3E). At 90% epiboly, cells lateral to the axis had formed
branching chains approximately 10 to 20 cells long (Fig. 3F).
At the end of gastrulation (100% epiboly), snail2 transcript
progressively disappeared from the axis (not shown) but be-
came apparent in cells immediately adjacent to the axial
mesendoderm (Fig. 4A), the adaxial cells (Thisse et al.,
1993).
The anterior axial territory of snail2 expression at gastru-
lation corresponds to the posterior part of the prechordal
plate and anterior notochordal territory. This axial domain
is progressively restricted to the posterior part of the pre-
chordal plate and cephalic adaxial cells (Figs. 4A and 5A).
Expression of Snail2 in this anteroaxial territory has been
shown to be partially deleted in cyclops (cycb16) mutant
embryos, demonstrating that this mutation alters the ante-
rior axial mesendoderm as well as the ventral neurectoderm
(Thisse et al., 1994).
snail2 Expression during Somitogenesis
snail2 in the mesendoderm. As convergence continued
during somitogenesis, the chains of snail2 positive cells in
the cephalic mesoderm were progressively replaced by more
closely packed cells (Fig. 4A). Labeling became more intense
in adaxial cells of the trunk lining the unlabeled noto-
chordal territory and extended rostrally in two parallel rows,FIG. 1. Nucleotide sequence of snail2 and deduced amino acid
each a single cell wide (Fig. 4A). We call these rostral cellssequence of the Snail2 protein. The cDNA is 918 base pairs long
cephalic adaxial cells. As somites formed (Fig. 4C), snail2and codes for a 255-amino acid residue protein. The ®rst ATG
of this cDNA is immediately followed by a stop codon (both are transcripts appeared in a graded fashion in each somite, with
underlined). Each zinc ®nger is boxed. PstI restriction sites are higher concentrations along their posterior borders (Fig. 4C).
indicated. Nucleotide numbering is shown to the right. The stop Overstaining revealed low levels of snail2 expression in all
codon is indicated with a star. paraxial and lateral mesoderm in both head and trunk (not
shown). Before the beginning of tail elongation, adaxial
staining extended in a continuous line ventrally around the
snail2 Transcripts Accumulate in Mesendoderm axial precursors of the tail bud (not shown).
during Gastrulation snail2 in neurectoderm. At the end of gastrulation,
snail2 RNA accumulated in two rows three to ®ve cellssnail2 transcripts were ®rst detected at 65% epiboly as a
band of cells encircling the margin of the embryo shortly wide just medial to the lateral borders of the cephalic mes-
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FIG. 2. Comparison of the predicted protein sequence of the vertebrate snail gene family. The zebra®sh Snail2 protein is compared to
the Xenopus Xsna protein (Sargent and Bennett, 1990), chicken Slug (Nieto et al., 1994), zebra®sh Snail1 (Thisse et al., 1993; Ham-
merschmidt and NuÈ sslein-Volhard, 1993), and mouse Sna (Nieto et al., 1992; Smith et al., 1992). Zinc ®ngers are boxed. A dash indicates
identity to the snail2 sequence. Dots indicate gaps inserted in the sequence to maximize homology. A star signi®es the translation stop
signal at the carboxy terminus of the proteins.
endodermal expression domain (Figs. 4A and 4B). At the expressing cells were scattered across the entire dorsal part
of the neural keel, while more caudally, they were at thethree-somite stage, the main mass of snail2 expression was
rostral to the anterior limit of the notochord (Fig. 5A), and a dorsal edges of the neural keel (Fig. 5G).
In summary, during somitogenesis, snail2 transcripts inbilateral row of single cells containing snail2 RNA extended
caudally and rostrally from this domain (Fig. 5A). Optical the ectoderm are located at the border of the neural plate
and the epidermis, including precursors of neural crest. Thesections of whole-mount embryos showed that cells in
these rows were in the ectoderm (Fig. 4B), a position ex- expression domain of snail2 converges toward the midline
and then migrates ventrally or anteriorly away from thepected from lineage tracer experiments to occupy the border
of the neural plate in zebra®sh embryos, a territory that neural keel.
includes the neural crest (Schmitz et al., 1993); a similar
domain of Xsna expression in Xenopus has been called the
Morphogenesis in the Trunk and Tailneural plate border (Mayor et al., 1993).
As somitogenesis continued, the most anterior staining As development proceeded in the trunk mesoderm, snail2
transcripts strongly accumulated in cells of the ventral andrapidly disappeared and in progressively older embryos, the
lateral neurectodermal domain of snail2 expression con- medial portion of the somites (Fig. 6A). Optical sections of
whole-mount embryos showed snail2 expression in pre-verged toward the dorsal midline. The neural crest cells
expression domain, compact at the 3-somite stage (Fig. 5A), sumptive myotome adjacent to the neural rod and very
strong staining in the ventral part of the somite, probablyappeared progressively closer to the midline (Figs. 5B and
5C). By about 9 somites, the entire width of the dorsal axis including the presumptive sclerotome (Fig. 6B). Myotomal
cells adjacent to the notochord, including muscle pioneerin the head was covered by neural crest cells expressing
snail2 (Fig. 5D); many of these cells never appear to reach precursors (Felsenfeld et al., 1991), were less intensely
stained at this stage (Fig. 6B). Around 24 hr, snail2 expres-the dorsal midline as previously observed by Schilling and
Kimmel (1994). By 12 to 16 somites, as neural crest cells sion faded from the somites (Fig. 6C).
In the trunk and tail, snail2 was also expressed in neuralmigrate away from the neuroepithelium, few snail2 positive
cells remained dorsal to the neural keel, but many were crest. In contrast to the head, where snail2 RNA was ini-
tially detected in two bilaterally symmetrical domains, infound around the otic and optic vesicles and the trigeminal
ganglia (Figs. 5E±5G). Dorsal views along the entire axis of a the trunk and tail snail2 RNA appeared in only one domain
lying at the midline where the dorsal-most cells of the neu-14-somite embryo showed snail2 expression in neural crest
cells that are located in the caudal part of the eye and around ral keel separate from their neighbors and form the neural
crest. snail2 RNA was not detected in neural crest cellsthe ear. Immediately posterior to the otic vesicule, snail2-
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migrating laterally and ventrally in the posterior trunk and The reticular pattern of snail2-expressing cells character-
istic of wild-type embryos (Figs. 7A±7C) was strongly al-tail.
By the 16-somite stage, the neural crest domain of snail2 tered in approximately a quarter of more than 600 midgas-
trulation embryos arising from a mating of two spadetailexpression corresponded to the 12 most posterior somites,
with more intense staining in more posterior somites (Fig. heterozygotes (Figs. 7D±7F). This segregation pattern is con-
sistent with the aberrant individuals being homozygous6A). By 24 hr, snail2 transcripts in the neural crest domain
extended over 3 to 4 somites (Fig. 6C). spadetail embryos. These embryos lacked the strings of
snail2-expressing cells found at this stage in wild-type em-In embryos 24 hr old, snail2 staining had diminished over
much of the head, but a residual patch of cells retained bryos (Figs. 3F, 7C), but had instead snail2 expression in
isolated individual cells or small groups of cells (Fig. 7F). Insnail2 transcripts just ventral and anterior to the ear (Figs.
6D and 6E). Around the posterior portion of the ear, snail2- addition, the snail2 expression pattern in the prechordal
expressing cells extended through the epithelium of the otic plate mesoderm in the axis (Figs. 7D±7E) appeared irregular,
vesicle and appeared to touch the lumen (Figs. 6D and 6E). loose, and twice as large as in wild-type embryos (Figs. 7A
After 24 hr, snail2 expression appeared again in pharyngeal and 7B).
arches and their derivatives (not shown). Because the broad axial domain of snail2 expression in
the head of spadetail embryos suggests that convergence of
the prechordal plate may be occurring abnormally during
The Pattern of snail2 Expression Is Altered Early gastrulation in mutant embryos, we examined the axial
in spadetail Embryos mesoderm of the trunk in mutant embryos. A good molecu-
lar marker for trunk axial mesoderm is the no tail geneIn embryos homozygous for the spadetail (sptb104) muta-
(Halpern et al., 1993), which is expressed around the margintion, prospective trunk cells fail to converge normally and
during epiboly and in the notochord and its precursorscontribute to an abnormally large spade-shaped tail bud
(Schulte-Merker et al., 1992, 1994a). In both wild-type and(Kimmel et al., 1989). In contrast, anterior structures of the
spadetail embryos, no tail transcripts appear around theembryo appear phenotypically normal at late stage (Kimmel
margin of the embryo in the early stages of gastrulation. Inet al., 1989). The fact that the most obvious phenotype of
the axis of spadetail embryos at 80% epiboly, however, cellsspadetail affects the trunk leads to the hypothesis that the
containing no tail transcripts occupy a much broader, moregenetic control of mesoderm convergence may be different
in the trunk than in the head. dispersed territory than in wild type (Figs. 7D and 7H).
FIG. 3. Distribution of snail2 RNA during gastrulation. Transcripts from the snail2 gene were revealed by whole-mount in situ hybridiza-
tion. (A) Optical section of an embryo at 65% epiboly oriented with its animal pole up. snail2 RNA appears in involuted mesendoderm.
(B) Dorsal view of an embryo at 70% epiboly. The dorsal axial mesoderm appears as a nearly continuous strip of snail2 labeling about 3
cells wide coursing through the network of snail2-expressing cells. Presumptive hatching gland cells (asterisk) that form the anterior part
of the prechordal plate do not express snail2. (C) Embryo at 80% epiboly in a dorsal±anterior view or (D) in dorsal±posterior view. The
dorsal axis staining has become broader and extends beyond the stained web. (E) Optical section of an embryo at 90% epiboly. Dorsal,
right, and animal pole, top. The axial snail2 expression domain extends posteriorly in the notochordal territory and reaches the margin
(indicated by arrowheads). (F) High magni®cation of the left side of an embryo at 90% epiboly in the cephalic region. Cells labeled with
snail2 probe form branching rows from 10 to 20 cells long. Scale bars, 25 mm (A±E); 40 mm (F).
FIG. 4. Expression pattern of snail2 at the end of gastrulation and beginning of somitogenesis. Embryos were dissected from the yolk
in A and C. (A) Embryo with three somites in dorsal view, anterior to the top. Two rows of strongly labeled snail2-expressing cells, called
cephalic adaxial cells (arrowheads), are continuous with adaxial cells in the trunk bordering the unlabeled notochord. The cephalic adaxial
cells de®ne the border of the prechordal plate. Laterally, presumptive neural crest cells (arrows) begin to accumulate snail2 transcript. (B)
An optical section in the presumptive head of an embryo at the same stage showing the mesendoderm (arrowheads), a very thin layer of
cells expressing snail2, lying adjacent to the yolk cell (y). Medial to the lateral borders of the stained cephalic mesoderm, snail2 transcripts
are revealed in presumptive neural crest cells (arrows). (C) Dorsal view of the trunk of a seven-somite embryo. The notochord (n) no longer
contains snail2 transcript. Adaxial cells (large arrowheads) are strongly labeled as well as cells of the posterior part of the somites. Somitic
furrows are indicated by small arrowheads. Scale bars, 25 mm (A), 40 mm (B), and 100 mm (C).
FIG. 5. snail2 expression during somitogenesis. (A±F) dorsal view of embryos at (A) 3-somite stage, (B) 5-somite stage, (C) 7-somite stage,
(D) 9-somite stage, (E) 12-somite stage, (F) 14-somite stage. Mesendodermal labeling is still strong in the prechordal plate (asterisk) at the
3-somite stage but has disappeared from the notochord (n), producing a sharp border between these two structures (two dashes). Mesendoder-
mal staining fades as more somites form (B±G). snail2 transcripts are observed in cells lining the neural plate, in particular in neural crest
cells. snail2 expression is detected when convergence of neural crest occurs toward the midline (A±D), and then as they migrate ventrally
or anteriorly away from the neural keel (E±F), around structures like optic vesicles (o), ears (e), or trigeminal ganglia (arrowhead). (G)
Photomontage of an embryo at the 14-somite stage in dorsal view. Anteriorly, snail2-expressing cells partially surround the optic vesicles
(o), trigeminal ganglia (arrowhead), and the ear (e). In the anterior part of the embryo, neural crest cells have already begun their migration.
In the trunk snail2-expressing cells are dorsal in the neural keel. This behavior illustrates the wave of anteroposterior differentiation of
neural crest cells that occurs during somitogenesis. Anteroposterior (a, p) axis is indicated and is vertical from A to F and horizontal in
G. Scale bar, 25 mm.
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Therefore, at gastrulation, in addition to the previously patterns. Members of the ®ve ®nger group (Xsna, Slug, and
snail2) are expressed in the neural plate border in a territoryknown defect in convergence of trunk paraxial mesendo-
derm in spadetail mutants, molecular analyses with snail2 that includes the presumptive neural crest at the beginning
of neurulation (Essex et al., 1993; Mayor et al., 1993; Nietoand no tail probes also show an abnormally broad axial
mesoderm domain in both the head and trunk. Such a defect et al., 1994). In the four ®nger group, Sna and snail1 are
strongly expressed in presomitic and somitic mesoderm.would be predicted if axial mesendoderm in the head and
trunk failed to converge normally. However, in mice embryos, in addition to its strong meso-
derm expression, Sna is also detected early in ectoderm,At the end of gastrulation and the beginning of somito-
genesis, snail2 staining was not observed in the adaxial do- appearing ®rst in premigratory neural crest cells (Nieto et
al., 1992) or in migratory neural crest (Smith et al., 1992).main of the trunk of mutant embryos (compare the wild-
type in Figs. 8A, 8C, and 8E to spadetail in Figs. 8B, 8D, and Further studies to isolate new snail genes in different spe-
cies are required to elucidate the phylogenetic relationships8F). This is presumably a consequence of paraxial mesoderm
failing to converge towards the midline during gastrulation between the different members of this family.
(Kimmel et al., 1989; Ho and Kane, 1990). In the head region
of spadetail embryos (Figs. 8B and 8D), the pattern of snail2- The Role of snail2 in Morphogenesisexpressing cells during early somitogenesis was similar to
the pattern in wild-type embryos at the late gastrula stage. The ®rst snail2 expression domain at gastrulation com-
prises the axial mesendoderm of the head and trunk, includ-Finally, in the ectoderm, the expression of snail2 in the
presumptive neural crest domain was normal in spadetail ing the chordamesoderm, but excluding the presumptive
hatching gland region of the prechordal plate. The expres-embryos (Figs. 8E and 8F).
In addition to an abnormal convergence of spadetail mes- sion of snail2 and hatching gland gene1 in different portions
of the prechordal plate (Thisse et al., 1994) shows that anendodermal cells at gastrulation, we also observed an alter-
ation in the elongation of the mutant embryo. A comparison anterior±posterior regionalization of the prechordal plate
exists as early as midgastrula. snail2 transcripts appear inof expression in wild-type (Figs. 7B, 8A, 8C, and 8E) and
mutant embryos (Figs. 7E, 8B, 8D, and 8F) during late gas- presumptive notochord during gastrulation, but disappear
from this territory when the notochord differentiates at thetrula and early somitogenesis showed that the posterior bor-
der of snail2 expression in cephalic paraxial and lateral mes- end of gastrulation. This raises the possibility that snail2
expression in notochord may be repressed by a factor(s) in-endoderm of embryos was closer to the margin in spadetail
embryos than in wild-type. In addition, the no tail-express- volved in notochord differentiation. The expression do-
mains of snail2 during gastrulation are complementary ining notochord domain did not extend as far anteriorly in
mutant embryos as in wild type (Figs. 7G and 7H). This the mesendoderm to those of snail1 (Thisse et al., 1993;
Hammerschmidt and NuÈ sslein-Volhard, 1993). Initially,con®rms that the axis fails to extend as far in spadetail
embryos as in wild-type embryos during gastrulation. This snail1 RNA is localized all around the margin in cells that
involute at gastrulation; snail1 RNA then disappears fromdifference in embryo length diminished with time and was
no longer detectable after the eight somite stage. the cephalic and axial mesendoderm (which begins to ex-
press snail2), but continues to be found in the paraxialThese results show that spadetail function may be re-
quired for normal convergence of head mesendoderm and mesoderm of the segmental plate. During somitogenesis,
snail2 RNA accumulates in adaxial cells of the trunk. Cellstrunk axial mesoderm as well as for timely elongation of
the embryo. in this domain also express snail1 prior to the time that
somites bud from the segmental plate (Thisse et al., 1993;
Hammerschmidt and NuÈ sslein-Volhard, 1993). When so-
mites form, adaxial cells stop expressing snail1 but con-DISCUSSION
tinue to express snail2.
Before the beginning of tail elongation, cells containingThe snail Gene Family in Vertebrates
snail2 transcript ¯ank the entire axial mesoderm, even in
the tail bud. This clear border between axial and paraxialSequence analysis suggests that the snail gene family in
vertebrates can be divided into two subfamilies based on territories in the tail bud suggests that axial and paraxial
cells may already be speci®ed in that region. snail2 expres-the number of encoded zinc ®ngers. One group, with four
®ngers, includes snail1 in zebra®sh and Sna in mouse. The sion may thus provide an assay in experiments designed to
investigate signaling between these two cell types.second group, with ®ve zinc ®ngers, includes the three ze-
bra®sh genes snail2, pointilleÂ1, and pointilleÂ2, plus Xsna snail2 expression in paraxial mesoderm appears to be lo-
cated in borders between cell groups. This occurs in adaxialfrom Xenopus and Slug from chicken. This raises the possi-
bility that mouse and chicken may have at least two snail cells at the border of the axial and paraxial mesoderm and
at the posterior border of each somite as it cleaves from thegenes, but that the gene with four ®ngers is the only one
yet described in mouse and the gene with ®ve ®ngers is the segmental plate or at the border between epidermis and
neurectoderm. We propose that snail2, which is a putativeonly one yet described in both frog and chicken.
The two groups of genes, distinguishable by structure, transcription factor, controls expression of genes involved
in cell properties affecting the interactions of neighboringalso differ somewhat in various aspects of their expression
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FIG. 7. Expression pattern of snail2 and no tail in wild-type and spadetail (sptb104) mutant embryos at gastrulation. (A±C) Wild-type and
(D±F) sibling spadetail embryos at 90% epiboly. (A and D) Dorsoanterior view; (B and E) dorsoposterior view; (C and F) right side views.
An asterisk marks the presumptive hatching gland domain and an arrowhead indicates the marginal zone. spadetail embryos have fewer
snail2-expressing cells laterally than wild type. snail2-expressing cells in the axis occupy an irregular, loose, and broader domain compared
to wild type. The snail2 expression domain is also closer to the margin. This shows that a spadetail embryo is shorter than wild type
and that the axial domain of snail2 expression is enlarged at gastrulation. This broadening of axial mesoderm was con®rmed by examining
the distribution of no tail RNA, a notochord marker (Schulte-Merker et al., 1994) in wild-type (G) and spadetail mutant (H) embryos at
80% epiboly. Anteroposterior (a±p). Scale bar, 25 mm.
cells, such as cell±cell adhesion. This interpretation is con- with antisense oligonucleotide directed against Slug inhib-
its the transition of neural crest from the epithelium to thesistent with experiments on the snail2-related gene Slug in
chicken (Nieto et al., 1994). Treatment of chick embryos mesenchyme.
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FIG. 8. Expression pattern of snail2 in wild-type and spadetail (sptb104) mutant embryos at the end of gastrulation and beginning of
somitogenesis. (A, C, E) Wild-type embryos and (B, D, F) sibling spadetail mutant embryos in dorsoposterior views. (A, B) Embryos at the
end of gastrulation; (C, D) embryos at bud stage; (E, F) embryos at the two-somite stage. Labeled adaxial cells (ad) lining the notochord
territory are observed only in wild-type embryos. The posterior limits of the snail2 expression domain in the lateral and paraxial cephalic
mesendoderm are indicated by open arrows and are closer to the margin (arrowheads in A and B) or the tail bud (tb) in spadetail mutant
embryos than in wild type. Neural crest labeling (indicated by arrows in E and F) appears identical in wild-type and mutant embryos.
Scale bar, 25 mm.
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Candidates for regulation by snail2 are genes coding for indicator in experiments designed to probe the speci®cation
of neural crest.cell adhesion molecules that are abundantly concentrated
on the surface of neuroepithelial cells (Duband et al., 1988; The expression of snail2 in the neural crest of the head
differs from its expression in the neural crest of the trunkBilozur and Hay, 1989) or their receptors. These include
members of the CAM/cadherin family (Thiery et al., 1982, and tail. In the trunk, snail2 transcripts appear only in cells
on the dorsal part of the neural keel, just before they sepa-1984; Crossin et al., 1990; Ranscht and Bronner-Fraser,
1991; Bronner-Fraser et al., 1992). Immunocytochemical ex- rate from their neighbors and migrate as individuals (Raible
et al., 1992; Raible and Eisen, 1994). This suggests thatperiments show that N and E cadherins and N CAM are
lost from neural crest cells before they detach from the snail2 is not an early demarcator of the border between
neurectoderm and epidermis in the posterior trunk and tail.neural tube (Thiery et al., 1982; Edelman et al., 1983; Du-
band et al., 1988; Bronner-Fraser et al., 1992). E cadherin in
particular has been shown to be necessary for the mainte-
nance of the epithelial character of epiblast cells (Burdsal spadetail Function and Convergence of
et al., 1993). In addition, several matrix constituents, in- Mesendoderm
cluding ®bronectin, laminin, and collagen types I, IV, and
VI, are candidates for regulation by snail2 because they were Because snail2 is expressed in cells undergoing conver-
gence, we examined its expression pattern in spadetail em-identi®ed as strong promoters of neural crest migration in
vitro (as reviewed in Newgreen and Erickson, 1986; Perris, bryos which have aberrant convergence movements during
gastrulation (Kimmel et al., 1989). The transplantation of1991). Whether any of these genes are in fact regulated by
snail2 awaits further experiments including attempts to dis- wild-type and mutant cells into spadetail embryos showed
that spadetail function is necessary for the proper conver-rupt the snail2 function by antisense oligonucleotides, in
a way similar to the one described for the chicken Slug. gence of paraxial mesoderm (Ho and Kane, 1990; Ho, 1992).
The question remained open whether the mutation affectedAlternatively, expressing snail2 ectopically by injection of
sense RNA and analysis of expression of its endogenous convergence of mesendoderm in the head or in the midline
axis. Our experiments show that in homozygous spadetailpotential target genes may answer this question.
The function of snail2 in cephalic and axial mesendoderm embryos, the general pattern of snail2 expression is altered
at gastrulation. In lateral and ventral positions of the pro-may also be related to the control of cell adhesivity. Cells
expressing snail2 in these domains are undergoing conver- spective head, small clusters of snail2-expressing cells re-
placed the long strings of cells observed in wild type, andgence and extension movements. In these cells snail2 may
act by promoting cell±cell interactions that favor move- snail2 expression domain in the anterior axis appears more
enlarged than normal. This result could be explained byments. This is supported by the disappearance of snail2
expression when convergence of these mesendodermal cells abnormal or retarded convergence movements.
Disruption of the cephalic snail2 pattern in spadetail em-is completed. Formation of the strings of labeled cells that
appear at gastrulation in ventral, lateral, and paraxial ce- bryos is no longer visible during early somitogenesis, and
the snail2 mesendodermal expression domain appears pro-phalic mesendoderm as they converge toward the midline
may be related in as yet uncharacterized ways to the move- gressively more similar to wild type. This partial recovery
of the spadetail phenotype may explain the wild-type aspectment properties of these cells. Transplanting of groups of
labeled cells into the lateral marginal zone of unlabeled host of the head region of older spadetail embryos described pre-
viously (Kimmel et al., 1989).embryos and following their movement, in the head region,
during gastrulation may help to elucidate this question. To determine if spadetail disrupts axial mesoderm not
only in the head but also in the trunk, we examined the
distribution of no tail transcripts. The experiments demon-
strated that no tail-expressing cells of the trunk axial meso-snail2: An Early Molecular Marker of Cephalic
derm occupied a much broader area at late gastrulation inMesendoderm and Neural Crest
the mutant than in wild type. This result is consistent with
an alteration in convergence of axial mesoderm in spadetailsnail2 is the ®rst zebra®sh gene to be described which is
expressed in ventral, lateral, and paraxial cephalic meso- embryos. In addition to this defect, analysis of snail2 and
no tail expression patterns showed that spadetail gastrulasderm at gastrulation and thus provides a new useful molecu-
lar marker to study morphogenesis of this territory. In con- are shortened, suggesting that spadetail affects the elonga-
tion of the embryo. This defect in proper extension is pro-trast, previously described genes in cephalic mesendoderm,
including goosecoid (Stachel et al., 1993; Schulte-Merker et gressively ameliorated and has ®nally disappeared by the
eight-somite stage.al., 1994a; Thisse et al., 1994), hgg1 (Thisse et al., 1994),
and Hlx1 (FjoÈ se et al., 1994) are restricted to the axial mes- In contrast to the mesoderm, movement of the snail2-
expressing neural crest domain appears normal in spadetailendoderm.
snail2 marks prospective neural crest cells long before embryos, suggesting that the mutation does not alter con-
vergence in the ectoderm at least after the end of gastrula-there is any morphological indication of the differentiation
of neural plate and epidermis. snail2 is the earliest marker tion. This is in agreement with the experiments of Ho and
Kane (1990), who transplanted wild-type and mutant ecto-yet described for this cell population and can serve as an
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boule, D. (1994). Expression of the zebra®sh gene hlx-1 in thedermal cells side by side into spadetail embryos and found
prechordal plate and during CNS development. Developmentthe two types of cells to converge dorsally normally.
120, 71±81.To conclude, our observations lead to the interpretation
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